Distinguishing multiple primary lung cancers from intrapulmonary metastases in patients with synchronous multifocal lung adenocarcinomas can be challenging. The most recent 8th edition American Joint Committee on Cancer staging manual (AJCC staging manual) distinguishes four disease patterns in patients with multiple lung nodules: (I) two or more distinct and histologically different masses (considered unrelated and staged as individual cancers); (II) multiple ground-glass or part-solid nodules, histologically of with lepidic growth pattern (considered separate tumors, T staged based on highest T stage lesion); (III) patchy areas of ground-glass and consolidations, histologically often invasive mucinous adenocarcinomas (considered single tumor with diffuse "pneumonic-type" involvement); and (IV) separate nodules with the same histologic features based on comprehensive histologic subtyping (considered intrapulmonary metastases). Histologic and molecular features, in conjunction with clinical and radiological information, can all be tools to assist with staging of multiple nodules. Histologic features of adenocarcinomas are best characterized using comprehensive histologic subtyping (percentage of lepidic, acinar, solid, papillary and micropapillary pattern). Genomic alterations are commonly assessed using fluorescence in-situ hybridization and next generation sequencing (NGS). The AJCC considers exactly matching breakpoints by comparative genomic hybridization (CGH) as the only evidence for intrapulmonary metastases, and clearly different histologic types or subtypes as the only evidence for separate primary tumors. Similar histologic subtypes or the same biomarker pattern are considered merely relative arguments in favor of a single tumor source.
Introduction
The reported incidence of lung carcinoma patients presenting with multiple nodules ranges from 0.2% to 20% (1) (2) (3) . The incidence has been increasing because of improved imaging techniques, lung cancer screening programs and surveillance of patients with previously treated cancers. Classification of multiple lung nodules as either multiple primary tumors or intrapulmonary metastases can be challenging. Martini and Melamed proposed the most frequently used clinical and pathological criteria in 1975 (1) . The main idea behind their classification was that the morphology of metastases should match that of the primary tumor, while different morphology supports classification of tumors as unrelated separate primaries. Although these criteria sound simple and straight forward, there has been variability in their application among clinicians and pathologists. The resulting inadequate classification of tumors failed to predict the clinical course or outcome. Distinction between multiple primary tumors and intrapulmonary metastases is important because treatments and outcomes are different. Therefore, the 7th and, even more so, the current 8th edition of the American Joint Committee on Cancer staging manual (AJCC staging manual) attempt to classify multiple tumors more precisely by not only using location criteria, but also by incorporating the most recent histologic classification criteria and molecular characteristics of the tumors (4, 5) . This review summarizes clinical, pathological and molecular approach to classification and staging of multiple lung nodules.
Staging of multifocal lung cancer
Staging of multiple lung tumor nodules has been challenging and has undergone significant changes in the past two editions of the AJCC staging manual. Staging of multifocal lung cancers in the 7th edition of AJCC staging manual was mostly based on the Martini and Melamed criteria established in 1975 (1, 5) . The AJCC staging manual has since recognized that these criteria may not be clinically optimal; some new proposals were put forward but without detailed guideline for their implementation. For example, pathologists were given the option to include their morphologic impressions, immunohistochemistry results and any available molecular studies into pathological staging. However, no detailed recommendations were given as to which histological criteria or molecular studies should be used. Furthermore, it was not defined how to incorporate molecular studies into the staging of multifocal lung cancers.
The 8th edition of the AJCC staging manual categorized multifocal lung cancer into four disease patterns (Table 1 ) (4, 6) . These patterns are based on clinical presentation (including radiologic impression and distribution of disease), histological assessment, and outcomes.
The first pattern is defined by multiple primary tumors. Clinical characteristics of each separate tumor nodule are similar to those of a single individual lung cancer according to its respective stage and histology. Each tumor should be assigned a separate T, N and M stage as if it were a single tumor.
The second pattern is defined as separate tumor nodules of single origin (intrapulmonary metastases), usually represented by multiple tumor nodules of the same histologic type and/or molecular profile. Overall survival of these patients is primarily determined by the treatment. Staging of these tumors follows the same rules as those in the 7th edition of the AJCC staging manual. A separate tumor nodule in the same lobe is staged as T3, in the ipsilateral lobe as T4 and in the contralateral lobe as M1a.
The third pattern is defined by multifocal lung adenocarcinoma with ground glass features radiologically or lepidic features histologically. Patients with multifocal lepidic adenocarcinoma are highly unlikely to develop nodal or distant metastases, but they do have an increased risk of developing additional ground glass/subsolid lung cancers. Overall, this pattern of lung cancer often exhibits a more indolent behavior. The largest lesion, appended with an "m" in parenthesis to indicate multiplicity, determines the pathologic T stage.
The fourth pattern is so-called "pneumonic type" lung adenocarcinoma. It is characterized by a diffuse consolidative pattern by chest imaging without well-demarcated nodules. Histologically this pattern typically correlates with invasive mucinous adenocarcinoma. Progression of these tumors is typically slow, but overall survival is worse than for ground glass/lepidic tumors. Pathologic T staging follows the same as those for intrapulmonary metastases.
Morphological approach to multifocal lung cancer
Pathologic assessment of multiple lung nodules plays a significant role in distinguishing multiple primary tumors from intrapulmonary metastases. The utility of Martini and Melamed pathologic criteria has been limited because they consider only the major histological tumor type (adenocarcinoma versus squamous cell carcinoma). They do not account for the vast morphological heterogeneity seen in lung adenocarcinomas, the most common histological type of non-small cell carcinoma in patients with isolated as well as multiple nodules. Comprehensive histologic subtyping of this heterogeneous morphology was formally described in the International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society (IASLC/ATS/ERS) classification of lung adenocarcinoma and subsequently adopted by the World Health Organization (WHO) classification of lung tumors in 2015 (7, 8) . Briefly, there are five main morphologically distinct subtypes of invasive lung adenocarcinoma including acinar, papillary, micropapillary, solid and lepidic. A spectrum of mucinous tumors is considered to be variants of lung adenocarcinoma. In contrast, squamous cell carcinoma is morphologically less heterogenous with currently three recognized subtypes (keratinizing, non-keratinizing and basaloid).
The prognostic significance of histological subtyping of lung adenocarcinoma has been demonstrated in several studies (9) (10) (11) . Solid and micropapillary subtypes are associated with poor prognosis, while lepidic subtype usually indicates favorable outcomes (12, 13) . Due to the prognostic significance of various histological subtypes, comprehensive histological assessment of the surgically resected lung adenocarcinoma in 5% increments has been recommended by the IASLC/ATS/ERS classification of lung adenocarcinoma and by the 2015 WHO classification of the lung tumors. Comprehensive histological assessment has also been shown to be extremely valuable in the classification and staging of multiple lung tumor nodules (14) (15) (16) ). An algorithmic approach to surgical resection specimens with multiple tumor nodules was proposed by Girard et al. (Figure 1 ) (14) . Pathologists should decide whether two tumors are morphologically similar or not. It is easier to establish that two cancers are separate primary tumors than that they are intrapulmonary metastases, but since major differences in histologic subtype could be due to more aggressive subtypes being overrepresented in metastatic foci, this is method is not perfect. Histological evaluation should include the relative percentage of each histologic subtype. Adenocarcinomas may also be assessed for variants (mucinous, enteric, colloid, fetal) and cytological changes such as clear cell or signet ring features. In addition to histological subtypes, other tumor elements such as appearance of the stroma, and presence of inflammation or necrosis may be helpful distinguishing features. Distinguishing multiple primary squamous cell carcinomas from intrapulmonary metastases is much more difficult. For squamous cell carcinomas, the initial histological assessment should consider the amount of keratinization, presence of basaloid cytology, stromal appearance (e.g., myxoid, hyalinized) and necrosis. The presence of additional features such as clear cell change or sarcomatoid morphology might also be helpful. Although there is no universally accepted grading scheme for nonsmall cell carcinoma, detailed cytological features such as cell size, nuclear contours and the presence or absence of nucleoli may need to be assessed in difficult cases. An IASLC reproducibility study of poorly differentiated non-small cell carcinoma demonstrated great agreement among pulmonary pathologists in recognizing features of squamous cell carcinoma such as keratinization, keratin pearl formation and intercellular bridges (17) . This suggests a potential role of this simple approach in staging of multifocal squamous cell carcinoma. In contrast, consistent comprehensive histological subtyping of adenocarcinoma is more challenging. An IASLC reproducibility study of adenocarcinoma found agreement between pulmonary pathologists to be only fair to moderate (2) . In this study, papillary, micropapillary and lepidic subtypes were responsible for most disagreement among pathologists. The reason for discrepancies in the interpretation may lie in the inconsistent application of existing diagnostic criteria. Noguchi et al. demonstrated that pathologist education of diagnostic criteria should ultimately lead to significant improvement in diagnostic reproducibility (3). One could argue that this study did not reflect daily routine practice because the interpretation was based on the review of a representative static image of a particular histological subtype rather than review of the entire tumor section. Another study conducted by the same group of thoracic pathologists, assessing the morphology of synchronous lung nodules, further supports this hypothesis (18) . Pathologists reviewed whole slide images of 126 tumors from 48 patients and evaluated numerous histological and cytological features. The overall agreement for tumor classification as either primary tumor of intrapulmonary metastasis reached kappa score of 0.60, indicating that pathologist in most of the cases can perform very well in the overall morphological characterization of multiple lung nodules and subsequent staging. The most useful morphological features to distinguish between multiple primary tumors and metastases were main tumor type, predominant histological patterns, acinus formation, nuclear pleomorphism, cell and nucleolar size and mitotic rate (18) .
Requests to assess during intraoperative frozen section consultations whether two tumors as separate primaries or intrapulmonary metastases remains a challenge. Frozen sections usually have many processing artifacts that can make a reliable comprehensive histological assessment difficult. A few studies reported moderate agreement for histological subtyping of lung adenocarcinoma on frozen sections (19, 20) . Similar to studies on permanent sections, micropapillary and lepidic subtypes were the most challenging, while acinar and solid patterns were most likely to be correctly identified. In addition to the poor quality of frozen sections, sampling error may contribute significantly to suboptimal histological assessment because only a small portion and not the entire tumor can be evaluated in the intraoperative setting. A dilemma poses the morphological assessment of multiple nodules on small biopsies and cytology specimens that are frequently the only tissue specimens available in patients with lung carcinomas. Precise classification into specific main types such as adenocarcinoma and squamous cell carcinoma is possible in the majority of the cases based on morphology or with the help of immunohistochemistry. Therefore, in cases of separate primary tumors of a different histologic type, small biopsy and cytology specimens can be sufficient (21) (22) (23) (24) (25) . However, morphologic subclassification of lung adenocarcinoma on cytology specimen is difficult and largely depends on the procedure type and tumor cellularity of the sample (26, 27) . The acinar pattern appears to be more readily classified on cytology specimens, while recognition of micropapillary and solid patterns can be extremely difficult and unreliable (28) .
The 2015 WHO classification of lung tumor introduced the term and concept of adenocarcinoma in situ (AIS), replacing with it the term bronchioloalveolar carcinoma (BAC) (8) . It is not uncommon to identify multiple nodules in the lung that would be classified as AIS. According to the WHO these tumors are defined by gross size of up to 3 cm and characterized by growth of malignant cells, typically showing type II pneumocyte or Clara cell differentiation, along the alveolar septa without evidence of stromal, vascular, air space or pleural invasion. On imaging studies, these tumors appear as multiple ground glass opacities. They are considered to represent separate primary adenocarcinoma rather than intrapulmonary metastases. Similarly, minimally invasive adenocarcinoma (MIA) and invasive adenocarcinoma with predominantly lepidic growth pattern are considered to represent separate primary tumors. This distinction is important because the entire spectrum of adenocarcinoma with lepidic component (AIS, MIA or lepidic predominant adenocarcinoma) have good clinical outcomes (29) (30) (31) . This rule is applicable to non-mucinous adenocarcinomas only. Mucinous adenocarcinomas are uncommon. With adequate sampling, one can find invasive foci in the vast majority of mucinous tumors showing a lepidic growth pattern. Separate foci of pure mucinous AIS can be considered separate primary tumors. However, invasive mucinous adenocarcinomas have a tendency for intrapulmonary metastatic spread, and, therefore, multiple mucinous tumors are often best considered to represent metastatic foci (8) . Furthermore, invasive mucinous adenocarcinoma tends to have worse outcome than its non-mucinous counterparts (32) .
In summary, published studies demonstrate feasibility of morphological subtyping of lung carcinoma that predicts patients' stage and outcome better than Martini and Melamed criteria.
Molecular approach to multifocal lung cancer
Over the past decade multiple studies using different molecular approaches to analysis of synchronous lung tumor nodules have emerged including DNA microsatellite analysis, comparative genomic hybridization (CGH), array CGH and, most recently, next generation sequencing (NGS) (15, (33) (34) (35) (36) (37) (38) (39) . In general, tumors with largely concordant molecular results were considered clonal in origin (metastases), and those with discordant findings were considered to be independent primary tumors. Discrepancy between clinical and molecular classification of originally presumed cases of multiple primary lung cancers ranged from 18% to 30% in different series (14, 15) .
The earliest molecular studies used clonality assays such as a panel of variable number of polymorphic microsatellite markers and X-chromosome inactivation analysis (37, 38, 40) . Data generated by those assays had to be interpreted with caution since similar patterns of allelic losses may be present throughout the respiratory epithelium of smokers with or without lung cancer. The main shortcomings of the first molecular studies were the small number of analyzed cases and the lack of standardized methodology and interpretation criteria. The data from published reports indicate a highly variable percentage of multifocal tumors identified as clonally related (up to 70%), and all reports agree that multifocal tumors may arise either as metastases from a single tumor or as independent tumors (16, (33) (34) (35) 41) .
Advances in molecular techniques have led to more comprehensive approaches to analyzing genomic alterations such as gene mutations, amplifications, deletions and rearrangements. Many studies assessed particular mutations with the assumption that the matched driver mutations define tumors as clonally related (16, 33, 42) . However, one needs to be very careful with the interpretation because the same mutations may occur in the morphologically different tumors. Furthermore, driver mutations can also be detected in normal appearing lung in patients with lung cancer and may represent just the most prevalent mutation (43) . The possibility of an EGFR germline mutation can also further complicate the interpretation of clonal relationship of multiple lung adenocarcinoma (44, 45) Therefore, identification of the same mutation in two tumors does not necessarily indicate a clonal relationship. Such result should always be correlated with tumor morphology and imaging findings. Another issue that has been extensively reported in the literature is heterogeneity of mutations, particularly for EGFR and KRAS, between primary tumors and metastatic sites with discordance rate ranging from 0-45% (46) (47) (48) (49) (50) . However, variations in these earlier studies likely due to technical factors such as low assay sensitivity, amount of tumor in the sample and DNA/RNA quality. Most recent studies using next-generation sequencing demonstrated a high concordance rate (94%) for driver somatic alterations between primary lung tumors and matched metastases (51). Yatabe et al. showed that the co-founding factors in the interpretation of targeted PCR-based mutation assays are related to the co-existence of gene amplification, contamination with normal tissue, tumor cell content and assay sensitivity rather than heterogeneity of somatic mutations (52) .
Taken all together, molecular testing for oncogenic mutations in advanced stage lung adenocarcinoma has become standard of care. Therefore, information about gene mutation status can often be incorporated along with histological assessment of the tumor in the staging of multiple lung tumors. The 8th edition of the AJCC staging manual considers a similar biomarker pattern (usually genomic alterations) only a relative argument in favor of a single tumor source, and instead endorses exactly matching breakpoints identified by CGH as the only evidence of clonality. The number of studies using CGH is very limited (15, 39) . Interestingly, in addition to CGH, these studies also employed mutation studies and morphological criteria to classify tumors as either separate primary tumors or metastases. There are several limitations to routine use of CGH. Firstly, CGH is not a standard method used for genotyping of solid tumors in clinical practice, mainly because large amounts of DNA are needed and no information on potentially actionable targets is provided. Secondly, NGS platforms have been implemented in many clinical laboratories that provide simultaneous detection of gene mutations, copy number changes and gene rearrangements, rendering CGH an even less desirable assay for routine clinical practice. Murphy et al. proposed that the assessment of DNA rearrangements by nextgeneration DNA sequencing might be a better approach as identifier of lineage than single-nucleotide mutations (53) .
In contrast to lung adenocarcinoma, molecular profiling of squamous cell carcinoma is not routinely performed.
Published studies that used limited gene panels mostly failed to demonstrate significant improvement in staging of multifocal squamous cell carcinoma (16) .
Clinical management and outcome of multifocal lung cancer
The American College of Chest Physicians Clinical Guideline recommends imaging and minimally invasive needle techniques as the first choice for detection of occult mediastinal and distant metastases in patients with synchronous separate primary lung cancers as well as additional tumor nodules (intrapulmonary metastases) (54, 55) . Treatment is determined based on the histological classification of tumors and staging (Figure 2) . Patients with synchronous independent primary lung carcinomas without evidence of metastatic disease will most likely be considered for surgical resection. The IASLC database of the multiple tumor nodules showed that almost all same-lobe nodules were surgically resected, whereas contralateral nodules were not (57 (62) . Other reported prognostic factor includes size of the tumor with smaller tumors being associated with better survival (63) (64) (65) . One should note that for all these data to be considered reliable one must assume that classification as multiple primary cancers or intrapulmonary metastases was accurate.
Conclusions
Distinguishing multiple biologically unrelated primary lung cancers tumors from intrapulmonary metastatic disease of single source can help predict outcome and guide therapy.
Pathologists are at the forefront of making that distinction. Multifocal lung cancers should first undergo histologic subtyping to gather relative arguments in favor or against a single tumor source. A different pattern of biomarkers and lack of nodal or systemic metastases favor biologically unrelated tumors (separate primaries). Conversely, the same biomarker pattern or presence of significant nodal or systemic metastases provides relative arguments in favor of biologically related tumors (intrapulmonary metastases). Practitioners need to weigh carefully the importance of each of these features in each individual patient. Absolute certainty as to whether two tumors represent separate primary cancers or an intrapulmonary metastasis can often not be reached. Classification of difficult cases often benefits from multidisciplinary discussion amongst radiologists, oncologists, surgeons and pathologists.
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